Downloaded via US EPA OFFICE OF ENVIRONMENTAL INFO on September 5, 2019 at 11:50:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Ie“ce & ec “0 ﬂq" @ Cite This: Environ. Sci. Technd019, 53, 838849 pubs.acs.org/est

Field and Laboratory Evaluations of the Low-Cost Plantower
Particulate Matter Sensor

Misti Levy Zamof&, Fulizi Xiong,Drew Gentneri® Branko KerkézJoseph Kohrman-Gldser,
and Kirsten Koehtei

"Department of Environmental Health and Engineering, Johns Hopkins Bloomberg School of Public Health, 615 North Wolfe
Street, Baltimore, Maryland 21205, United States

*Department of Chemical and Environmental Engineering, Yale University, 10 Hillhouse Avenue, New Haven, Connecticut 0651
United States

SCivil and Environmental Engineering, University of Michigan, 2350 Hayward Street, G.G. Brown Building, Ann Arbor, Michigar
48109, United States

*  Supporting Information

quality sensors, a rigorous sciergvaluation has not beei®
conducted for many available sensors. We evaluated §hrée
Plantower PMS AO003 sensors when exposed to €ig
particulate matter (PM) sources (i.e., incense, oleic &g¢i ' ‘ e
NaCl, talcum powder, cooking emissions, and monodispérsed 111912017 1112612017
polystyrene latex spheresder controlled laboratory- 1 sren 1 niee 7
conditions and also residential air and ambient outdoog aire=r= - o
in Baltimore, MD). The PMsensors exhibited a high degree’ j,.w"‘ ”

of precision angf values greater than 0.86 for all sources, ptf Y Z<

the accuracy ranged from 13 to >90% compared Withsa 0

reference instruments. The sensors were most accurate forreiemce Giom® ~  °  Réenco o)  Referonce g’y

PM with diameters below In, and they poorly measured

PMin the 2.55 m range. The accuracy of the sensors was dependent on relative humidity (RH), with decreases in accuracy
at RH > 50%. The sensors were able to produce meaningful data at low and high temperatures and when in motion, as it would
be if utilized for outdoor or personal monitoring applications. It was most accurate in environments with polydispersed particle
sources and may not be useful in specialized environments or experiments with narrow distributions of PM or aerosols with a
large proportion of coarse PM.

ABSTRACT: Due to the rapid development of low-cost agrasi AmbientData  — Sensor 1 —— Sensor2 —— Sensor3 === Oldiown PM, ; (sgim®) |

75 [ Residental

INTRODUCTION and sources within the complex urban topography. FRM and
FEM instruments are typically expensive (>$10000);

adversely @cts human heaith, and can modify g|0ba|subs_equently, low-cost air quality sensors, with unit costs
climate: PM varies sigrsantly depending on study location '@n9ing from less than $50 to about $1000, have been used to
due to the presence of numerous potential sources, and ffRmplement ambient air monitoring netwtks. The

overall impact of the particles is dependent on their siz@dvancement of technologies in diverdds, such as
concentration, and chemical compositioiPM can aect chemical sensors, distributed sensing, and wireless networking,
human health in numerous ways, ranging from exacerbat#?@S led to rapid Impggvements of low-cost air quality
preexisting conditions to the development of chronic diseas@sSessment products’ “° These low-cost sensors have

or leading to premature death’ Given the broad impacts of humerous advantages over traditional, more expensive
this class of pollutants, the United States EnvironmentHlstrumentation, such as the ability to capitalize on the
Protection Agency (EPA) has established PM standards apgwer of high-granularity monitoring networks to capture
monitoring plans that spemlly address particles smaller small spatial scale and high temporal variabifity. ** This

than 25 m (PM,9 and 10 m (PM,9. Governmental can be particularly bewoél for PM exposure assessments
monitoring networks are composed of instruments that hat&sed on stationary networks for epidemiologic studies.
undergone a rigorous testing and analysis protocols and must

meet the requirements of federal reference methods (FRM) Qeceived: September 19, 2018

federal equivalent methods (FEM). These networks tend tRevised: November 30, 2018

be limited to few sites within a large geographical regionccepted: December 18, 2018

which limits the ability to characterize the pollutant variabilitpublished: December 18, 2018

Particulate matter (PM) is key contributor to air pollution,
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Table 1. Manufacturer Specitions for the Plantower, pDR-1200, and MetOne BAM-1020 Continuous; Ridnitor

Parameter Plantower pDR-1200 MetOne BAM-1020
cost ($) $34 $6,000 $12,0011,000
range of measurement a8 m 0.1to 10 m <10 m
counting e ciency 50% at 0.3n 98% at > 100% at 1 m dsowas 6 m at 10 L/min and 9m at 5
05 m L/min
e ective range 0 to 100@/m?® 0.001 to 400 mg/fn 0 1,000 g/m®
resolution 1 g/m? 0.1% of reading or Iy/m®, whichever is larger 0.4/m®
manufactur&s reported +10% for 0500 g/m?® +0.2% of reading or +0.5/m? for 60 s averaging lower detection limit of <¢/8
precision m®
single response time <ls 1s 1h
working temperature range 10 to 60°C 10 to 50°C 30 to 60°C
working humidity range 0 to 99% 10 to 95% 9006 RH, non-condensing
physical size 383.5x 1.2 cm/0.04 kg 18 20.5x 6 cm/0.68 kg plus pump 43 x 40 cm/24.5 kg

Also, the compact size and lightweight of many new sensiesigned to be used in specenvironments, such as an
packages is advantageous for personal PM exposindustrial settintf. The “atmosphericsetting has been tuned
monitoring, which has previously been hindered by requirirtg best measure PM commonly found in the ambient air. The
participants to carry heavy and obtrusive devices and pungzsnpling interval at a stable concentration is every 1 to 2
as well as cost. However, due to the rapid advancement awtonds. If the concentration is rapidly changing, the sensor
lack of a unifying testing protocol, a rigorous scienti automatically decreases the sampling interval down to about
evaluation has not be conducted for many sensors on t@0 ms. The sensor outputs a;PRM,; and PM, mass
market, which creates uncertainty about the reliability of théoncentration (micrograms per cubic meter) and the number
data collected by these new low-cost séfisors. concentration (per cubic centimeter) for each of the six size
The accuracy, precision, and lifetime of low-cost sensors @&ias, and the mass concentrations are determined based on a
generally less than those of FRM and FEM instruents.standardized aerosol size distribution in the atmosphere
There also exists uncertainty about which environmentgkrived from the relative prevalence of the bins. According
conditions (e.g., acceptable temperature and relative humidigy,the manufacturer, it detects PM in the range of 0.3 to 10
RH, ranges) and settings (e.g., industrial, residential, om, with a self-reported precision ©f0 g/m* for
ambient) with which these low-cost sensors can acquit®ncentrations between 0 and 1§0n3. The manufacturer
meaningful data. Some conditions result in reproduciblgstimates that the mean time to failure is >3 years. A more-
biases, such as optical particle sensors over-estimatigailed list of the Plantower manufactuspecications and
particulate mass concentrations in humid conditions due ¥@e two reference instruments can be se€abie 1
the modication of light-scattering properti€s, whereas Laboratory Experiments. We operated 3 PMS A003
other conditions may lead to situational-spegtifacts. To  gensors inside a custom-built steel chamber (X71L36 m
overcome these issues, recent work has focused on improying gg m), equipped with #ered air inlet, vacuum exhaust,
the data quality from low-cost sensors by applying Unityg internal fans, and three sampling ports. /880 points
specic correction factors, employing multiple linear regreg<2 min) after start up were removed, and then the data were
sions, applying machine learning algorithms suc_h as Randgghverted into 1 min averages before analysis. Our sensor
Forest, and co-locating the low-cost sensors with referenggsasyrements were compared with multiple other reference
grade instruments during an initial evaluation period befotgetnods. Particle size distributions from 6.15 to 216.7 nm
being ”.‘OVEO' to the measurement .'005'%- o were collected every 1 min with a scanning mobility particle
current issue being debated in the sctecimmunity is the oo, (SMPS, TSI Inc., model 3082) and from 542 nm to
acceptable level of postprocessing that can be applied t0 10W g1 ' every 20 s with an Aerodynamic Particle Sizer (APS
cost air quality dafd.Evaluating how these low-cost SeNsOrStq) |nc. model no. 3321). The APS was directly placed in thé
perform in laboratory, indoor, and ambient environments i(?hambe’r, and the SMPS sampled particles through an inlet

crucial for reducing. uncertainty about the quality of Iow-coﬂs-ng the shortest tubing length possible to minimize losses
sensor data. In this work, we evaluated the accuracy d

s . 1 m). The SMPS was factory calibrated prior to the
precision of three Plantower PM sensor units under controlled,' 0 -~ "' Jcriments. A personal DataRAM bDR-1200
laboratory conditions and in realistic scenarios to determi y P ' b b

their e cacy when exposed to diverse sources rz‘la'herr_no Scientt Corp._, Waltham, MA) with a single-stage
' PM, s impactor along with an external pump (BGI 400, Mesa

Laboratories, Inc.) was also placed in the chamber. The pDR
MATERIALS AND METHODS is a light-scattering nephelometer with a builttier

Plantower PMS A003 Experiments.The Plantower downstream to provide a calibration for mass concentration
PMS A003 sensor utilizes a fan to draw air into a cavity whegstimation. A 37 mm Ten lter collected all sampled
it is exposed to a laser-induced light, and thecafered particles for subsequent analysis and gravimetric calibration
light is detected by a photodiode detéétdrThe measure-  (Pall Corporation, Ann Arbor, MI). The Ba Iters were
ment e ciency depends on particle shape, material, refractiv@lividually housed in a clean Petri dish before and after each
index, and scattering angl&he particles are divided into 6 experiment. Each Tan Iter was weighed prior to and after
size bins: >0.3, >0.5, >1, >2.5, >5, and ml0OThe sensors each experiment in a RH and temperature-controlled room at
can be set tdstandart or “atmospheri¢c which alters the  Johns Hopkins University on a high-precision microbalance
assumed particle density. Ttstandard calibration is  scale with accuracy down todl
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A total of four polydispersed PM sources were generatedAnalysis Methods. The time-resolved pDR RBMmass
using three derent generation methods. For the incenseconcentrations were gravimetrically corrected by multiplying
experiments, an incense stick was lit and placed insidebw the gravimetric mass concentration estimated from the
sample port until the desired concentration was reached, theiters and dividing by the time-weighted average of
the incense was removed and extinguished and concentrationgdjusted pDR mass concentrations over the same time
were allowed to decay. Talcum powder was dispersed whRriod. The corrected values are referred to as pDR-gc. The

ltered air into a sampling port. A collision nebulizer (CHpresented values were determined by calculating the accuracy
Technologies) was employed for the sodium chloride (NaCRnd precision for each measurement (e.g., each minute) and

and oleic acid experiments. Filtered air wagd through ~ €ach unitij and then averaging over the whole experiment.
the nebulizer, which wdted with either a NaCl andtered, The reference measurements were either from a pDR-1200 for

deionized water solution or pure oleic acid until the desire@boratory and indoor measurements or a MetOne BAM-1020
concentration of NaCl or oleic acid was reached, and then t§entinuous Pk monitor for ambient measurements. The
input air ow was turned o To evaluate the performance of accuracy and relative precision errors were calculated based on

polystyrene latex spheres (PSL) with diameters of 0.084as calculated by averaging the available combinations (i.e.,
0.3, 0.8, 2.5, and 4.8 were introduced into the chamber P11 versus pDR, PT2 versus pDR, and PT3 versus pDR):

using the collision nebulizer. For experiments with elevated referencd Senﬁfr 0

RH, a multisonic DP 100 medical nebulizer with deionized accuracy= 108

water was used to increase the water vapor in the chamber. reference @
The nebulizer was turned on arékd the chamber with n

humidi ed air until a stable RH of >80% was observed. In all gverall accuragyl accurag

experiments, the vacuum exhaust and internal fans remained n._, 2

n for the length of the experimen nsure the chamber w - .
\(/)vello ngi;eg gBtefgré eegcﬁeex;ergrzoeﬁt S\lljvaest (?o(r:ldictgz tﬁ?\ 100% accuracy indicated that the reference instrument
concentratibn was observed to be less thayin® on all '’ "and sensors measured the same value. The overall precision of

sensor units and the pDR-1200. the three units was calculated by averaging the available

: . .combinations (i.e., PT1 versus PT2, PT2 versus PT3, and
The response to motion was evaluated by placing a Lab'“Berl versus PT3):

orbital shaker model 3520 (Lab-line Instruments, Inc.) in the
chamber during the exposure. One sensor was placed on the . sensorS sensor
shaker and another was placed adjacent to the shaker insidéelative precision egor,, = J%r)
the chamber. The shaker table was set at 200 rpm.

average(sensor, sen

Indoor Experiments. Indoor air experiments were 3)
conducted in an attached two-story single-family residence 1"
(976 ®) in Baltimore, Maryland. The three sensor units were overall precision = precisiopn
placed on a table near the center ofrsi- oor room M=y ' 4

alongside the pDR-1200. The instruments were located abou
5 m from the oven during periods of cooking. Throughout th?n
period, the windows remained closed and a central a
conditioning system was operated. The residents were as

' precision error of 0% between two units would indicate
at sensor units measured identical values. Theiergeof
Variation (CV), an indicator of precision among duplicate

: e mstruments, was also calculated for each minute and then
to go about their normal activities. averaged over the whole experiment (EPA, 2016). To

Ambient Experiments. The three sensors were installed compare this with the EPA FEM acceptance criteria, only
at the Maryland Department of the EnvironisigMDE) data points with mass concentrations greater thgfm3
Oldtown site (|D = 245100040; 39.2980556.604722) In was considered in this calculation (EPA, 2016):

Baltimore City, Maryland. The units remained in continuous
operation from November 7 through December 7, 2017 and coefficient of variatien —
from January 48, 2018. The MDE site was about 5 m above (5)

ground level and 7 m from a major intersection. Dalgyhere s the standard deviation ands the mean of the
collected during the summers of 2016 and 2017 revealed thabssurements from the individual units.

about 28 000 vehicles per day traveled north or south throughThe coe cients of determinatior®) were calculated for

the intersection and 25000 vehicles per day traveled eastiRg sensor (presented as PT R?) and reference measure-
west. The trac peak hours were 7 am and 5 pm. Passengefents (presented as pDR-RY using Matlab 9.1.0.441655
vehicles were the most common vehicle type at about 87¢&2016b). The pDR-PR presented in the manuscript is the
followed by light trucks (9%), single-trailer trucks (2%), busesgerage of the individual uri&(i.e., PT1 versus pDR, PT2
(1%), motorcycles (<1%), and multitrailer trucks (£1%). versus pDR, and PT3 versus pDR). The mass concentration
MDE operates both gravimetric (Partisol Plus 2025) andeviations were calculated by averaging the three units and
continuous (MetOne Beta Attenuation Monitor 1020; BAM) subtracting the mass concentration of the reference or an
PM, s monitoring instruments at this site. The BAM-1020 isindividual unit. Linear regressions were used to determine the
an EPA-designated PMFEM particulate monitor, and the best-t line between the 1 min (pDR) or 1 h (BAM, ambient
data are available online as 1 h averaged, RMss measurements) averaged sensor measurements and the
concentrations. The sensor data was converted into 1 dorresponding reference mass concentrations.

averages by linearly interpolating onto the timestamp of the Quality Assurance.During laboratory experiments, blank
downloaded EPA data. Iters were collected and stored in the same environment as
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Figure 1.Averaged (1 min) PMred), PM s (gray), and Pl (green) mass concentrations measured by one sensor and the 1 min averaged
PM, s mass concentration (black solid line) measured by a pDR-gc (gravimetrically corrected) after exposure to incense, oleic acid, NaCl, talcu
powder, cooking, and residential air. The time a hamvaas turned on in the residence is indicated by a vertical dashed line.

Figure 2.Averaged (1 min) PM mass concentrations measured by the three sensors (red, aqua, and blue) and the 1 min,gvessged PM
concentration (black solid line) measured by a pDR-gc after exposure to incense, oleic acid, NaCl, talcum powder, cooking, and residential
The time a humider was turned on in the residence is indicated by a vertical dashed line.

sample lters. The mass on the blatter was used to correct discussed here indicates the number of measurements used in

the corresponding samplieers. All lters were precondi- the analysis. For exampléy i# 6, then the overall accuracy

tioned for 24 h in a temperature- and humidity-controlled : :
room prior to weighing. To ensure reproducibility, the'© ects six pairs of sensor and reference measurements or,

laboratory experiments were repeated a minimum of folikely, two sets of three units. Only two units were used in
times. The number of individual sensor time seXgs ( some duplicate experiments.
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Table 2. Summary of the Accuracy, Caéent of Variation (CV), Overall Precision, and Correlation Cagents for the 1

Min Averaged PMs; Mass Concentrations Measured by the Sensors (PT) Compared to the pDR-gc (Gravimetrically
Corrected) after Exposure to Incense, Talcum Powder, Oleic Acid, NaCl, Residential Air, Cooking, And Uncorrected and
Corrected Ambient Baltimore Maryland Experiménts

Aerosol N Overall Accuracy (%) CV (%) Overall Precision Error (%) pDBR PAT PTR  peak PMs( g/m°)
incense 16 87 8 9 0.97 0.99 290
talcum powder 11 13 30 24 0.90 0.86 225
NaCl 13 69 12 10 0.96 0.96 &0
oleic acid 12 66 16 14 0.95 0.97 ()]
residential air 10 92 8 9 0.89 0.92 25
cooking 8 96 9 10 0.92 0.99 250
outdoor air (uncorrected) 3 37 10+ 12 0.9* 0.99 50
outdoor air (corrected) 3 93 9* 10¢ 0.93 0.98 50

2N indicates the number of individual time series used in the analysis. The outdoor ambient reference data was in 1 -h averages. The peak P
indicates the range of the peak 1 mip ftvhss concentrations measured by the reference instrument from the individual experiments. The
minimum value was zero for each experiment.

RESULTS AND DISCUSSION and talcum powder exhibited a 24% overall precision error
(Table 2. In all the experiments, the three units captured the
same large-scale changes and peaked at nearly the same time,
@nd the precision errors indicated sensor-to-sensor variability
improved with longer averaging times (i.e., at lower temporal
the pDR (black line) after exposure to incense, oleic aci solution). For example, if the resulting precision errors from
NaCl, talcum powder, residential air, and cooking PM afel® talcum powder experiments, which was the least
shown inFigure 1If a measurement was highly accurate, th&onsistent, was compared among threereht time
top of the gray shaded area would match the solid black poggSelutions, such as 10 s, 1 min, and 3 min, the precision
line, which measures PM2.5. If the solid black line is over tf§&"0rs would have been 30, 22, and 17, respectively. Similarly,
green area, this indicates that the sensors incorrectly assighddl® resolution of the exhibited cooking experiment was
a portion of the Phsas PM, Similarly, if the solid black line decreased to 3 min from the 1 min shown, the precision error
matches the top of red area, this indicates that the sens¥fguld have been decreased by 2%. The anbll PM,
incorrectly assigned the PMas PM. The PM mass e>§h|b|ted precision errors within abﬁq% of the PMs
concentrations of the individual units used in each experiméﬂtth the PM being generally more precise and thg, RS

can be seen iffigure 2 The sensor measurements werePrecise. For e>_<a}mple, in the talcum powder experiment shown,
highly correlated temporally with the pDR-gc measurement8€ PM s precision error was 18%, and the, BMI PMy

with pDR-PTR values greater than 0.89 for all PM sourcesffors were and 11 and 24%, respectively. In the incense
and all three sensors exhibited similar trends. However, tR¥Periment, the P precision error was 7%, and the, PM
sensors exhibited a wide range of accuracies, ranging betwiith PMo precision errors were 5% and 9%, respectively.

air, and cooking exhibited the highest accuracigsafed) also produces the PMS 1003, PMS 3003, PMS 5003, PMS
and were within 13% of the reference instrument, and Na@P03, and PMS 7003, some of which have been previously
and oleic acid measurements were within 35% of the trgvaluated’ The PMS A003 and PMS 7003 are similar

value. Talcum powder exhibited the lowest accuracy at 13#nsors, and the only sigant dierence appears to be
due to the low detection eiency and likely less @ent smaller physical dimensions of the A003. Overall, the previous
mixing within the chamber. Overall, the sensors handled tiéantower sensor models exhibited Righalues (e.g., > 0.9)
more real-world scenarios (i.e., residential and periods & ambient PMsmass measurements (PMS 5003) collocated
cooking) with high degrees of accuracy (92 and 969ith FEM instrument§’*°® The ambient PMand PM,
respectively), which is encouraging for personal monitorifgass measurements also exhibited good correlatiofé, with
applications. During thenal period of the residential values greater than 0.97 and 0.68 (0.95 in the laboratory),
experiment, a humiér had been turned on (indicated by respectivel§**® The PMS 5003 units exhibited high precision

a vertical dashed line), which likely elevated the RH in th€>0.95) for all combinations between 0 and 1#®°, 15

house. The summary of the RMescriptive statistics from 65% RH, and 535°C. When the PMS 7003 and PMS A003
all the experiments can be foundable 2 In Supplemental  models were compared with six other low-cost optical particle
Figure ] scatterplots of the sensor and the pDRsPhMss  sensors (Fluke 985, Hand-held 3016, DC1100 Pro, AirVisual
concentrations from all the experiments are shown. W¢ode, DN7C3CAQ06, and SDS 021) in a chamber with two
observed good reproducibility between the experimental ruparticle sources (NaCl and road dust), the PMS sensors

Incense, Oleic Acid, NaCl, Talcum Powder, and
Indoor Air. The 1 min averaged RNred), PM s (gray),
and PM, (green) mass concentrations measured by on
sensor unit and the BMmass concentrations measured by

for all sources. demonstrated high correlatio® £ 0.96 for road dust and
The units exhibited a high degree of precision with overd® = 0.99 for NaCl) but low overall accuracy (mass
precision errors ranging between 9 and 24% ar@TPR® concentrations were underestimated by about a factor of 5),

values between 0.89 and 0.89s(3and 4). The sensors  which is consistent with oundings.’

exhibited the greatest precisions in the incense, NaCl,The lower accuracies of NaCl, oleic acid, and talcum
residential air, and cooking experiments, in which the unipowder were partially due to the misclestsdon of the
were within 910% of each other. Oleic acid was within 14%particle size. lirigure 3 sensor, SMPS, and APS measure-
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Figure 3.Normalized (A) SMPS and (B) APS size distributioN&(tbg Dy, cm ) from approximately 5 min after the PM source was
introduced into the chamber. (C) The normalized 1 min particle size distributions as measured by the Plantower (PT) and APS for incense
NaCl, oleic acid, and talcum powder.

ments from representative experiments are displayed. In pamétor di erences in the particle size distributions (e.g., 8%
A, SMPS particle size distributions from an incense, NaGli erence in the >2.5m size bins) resulted in substantial
oleic acid, and talcum powder experiments are shown, and thieerences in the mass distributions (e.g., 21% maqge PM
corresponding APS size distributions are shown in panel B.rrass even though the APS did not indicate particles in this
panel C, the APS size distributions have been normalized aize range). It is unclear why the sensors yield a lower mass
divided into size bins corresponding to the sensor partictioncentration for the NaCl than the incense PM when the
number outputs (i.e., >0.5, >1, >2.5, >5, and )0 The sensor indicated a greater number of larger particles in the
particle size analysis reveals that the sensors frequently didMa€Cl PM. The dierent responses to incense and NaCl are
categorize the particle sizes accurately compared with fileely due to the prominent éirences in the particle
APS. The SMPS and APS measurements revealed that incemseerties. Incense particulates have been found to have a
and NaCl had similar particle size distributions (i.e., nearly aénsity of 1.06 g/chand can both scatter and absorb light;
mass in sizes less tham®; however, the sensors respondedwhereas NaCl dominantly scatters light and has density of
to them dierently. The incense PM was more accurately siz216 g/cm.>’ A similar misclassation as NaCl was observed
binned than the NaCl PM, which may be one reason that the the oleic acid experiments. The sensors over-estimated the
overall accuracy was higher. The APS iddrttiat 93% of >2.5 m size bins by about 9%. It is interesting to note that if
the incense particle count had diameters between 0.5 andht PM, particles had been assigned agsPtke accuracy

m, and 7% were between 1 and 2rb The sensors would have been high for the oleic acid (90 vs 66%) and
indicated that 83% of the particles (larger than 0.3 um) wemdaCl (91 vs 69%) experiments. The sensors were least
between 0.5 and In, 16% were between 1 and 26 and accurate in the talcum powder experiments. The APS
1% were between 2.5 andmd. When exposed to NacCl, the indicated that 9% of the particles had a diameter between
APS indicated that 67% of the particles had a diamet@5 and 1 m, 53% were between 1 and 2r§ 32% were
between 0.5 and In, 32% were between 1 and 26 and between 2.5 and 5n, 6% were between 5 and 1, and

1% were between 2.5 and #&; however, the sensors >1% were greater than 1fh in diameter; however, the
indicated that 71% of the particles had a diameter between 8&nsors indicated that 58% of the particles had a diameter
and 1 m, 20% were between 1 and 205 5.5% were between 0.5 and In, 23% were between 1 and 2rb 4%
between 2.5 and 5n, 0.5% were between 5 and #0) and were between 2.5 and &, 1% were between 5 and 1,

3% were greater than 1@ in diameter. When the sensors and 14% were greater than 1@ in diameter. Notably, the
calculated the mass concentrations based on these measseasors missed 28% of the particles in th® 2rh range
ments, the resultant mass concentrations and divisioaad 5% in the 5 and 10n bin. The low detection eiency
between PM PM,5 and PM, for incense and NaCl were in these ranges likely explains why the accuracy was so low for
notably dierent. If we compare the incense and NaClthe talcum powder experiments. The sensor manual states that
experiments at times when the,Pkhass concentrations the detection eciency is 98% over 0.5n. We did not
were about 100g/m? (i.e., about 11:05 ifigure A and collect particle size data during the indoor measurements, but
16:52 inFigure C), the sensors over-estimated the incensét is expected that the particles would be dominantly
PM, 5 by about 22% and underestimated the NaGl B submicron and the major sources would likely be cooking
47%. Also, the incense PM mass was indicated to be abamd cleanini *° Even though the sensors routinely
69% PN, 22% PMs and 9% PN, but the NaCl was 44% misclassed the particle size, the number concentration
PM,, 24% PMs; and 32% PM Given the relative results may be bemal for a qualitative size assessment
contribution of these large particles to the mass concentratidigcause the sensors seemed to trend in the correct direction
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Figure 4.Normalized (A) SMPS and (B) APS size distributidd&l (g D,, cm %) for PSL spheres with diameters of 0.081, 0.3, 0.8, 2.5, and
4.8 m. (C) The number concentration distributions measured by the sensors (PT) and an APS (A) that correspond to the measurements show
in panel B.

(i.e., samples with predominantly small particles are presenggdater number concentrations of2.5 and 2.55 m

as greater percents of PAmd samples with larger particles particles, which were not present in the APS size distributions
are presented as more JpMFor example, the particle mass (Figure 8). It is possible that the increased concentration of

in the incense was determined to be 66% less tmaradd the detectable 0.3m particles resulted in inaccurate
only 3% greater than 2.5n in diameter. In the talcum enhancements of the nearby size bins because the sensor
powder experiments, the particle mass was only 13dM detection algorithm could not accommodate a monodispersed
63% PM, Overall, these experiments highlight the centradample and tried to force the measurementatdog-normal

role that the aerosol optical properties, density, and sizstribution.

distributions have on the eacy of the sens®rmeasure- The sensors exhibited markedlyemint responses to 0.8
ments, on-board correction, and mass concentration measwand 1.1 m PSL. The APS distributions were similarly shaped
ment calculations. with peaks at 0.898 and 1.1037. The sensors produced

PSL. To further analyze how the sensors handle PMyreater concentrations in all size bins in the 8
sources with distinct particle sizes, we exposed them éxperiment, and the >10n size bin accounted for 8% of
nebulized PSL solutions with mean diameters of 0.081, OtBe total measurement. If we assumed a PSL density of 1.05
0.8, 1.1, 2.5, and 4.8 (Figure ¥ These sizes were selected g/cm® and used the normalized measured sensor number
to determine how the sensors categorized particles near t@ncentrations to calculate the total mass concentrations, the
borders of the mass concentration size bins (e.g., 0.8 and fiegultant mass concentration would be 3.8 times higher for the
are around 1m for PM). In panel A, SMPS particle size 0.8 m particles than the 1.1m particles. The sensors
distributions from each PSL size are shown, and thappeared to handle particles with diameters smaller than 1 and
corresponding APS size distributions are shown in panel IBrger than 1 derently. In the three experiments with
In panel C, the APS size distributions have been normalizdéameters smaller than i (0.081, 0.3, and 0.8n), the
and divided into size bins corresponding to the sensor (i.esensors over-estimated the contribution from the larger sizes,
>0.5, >1, >2.5, >5, and >1M). The only particle size that and in all of the experiments with diameters greater than 1
yielded similar sensor and APS size distributions was tfiee., 1.1, 2.5, and 4.81), the sensors under-estimated the
0.081 m PSL. The presence of 0.081 PSL particles was numbers concentrations of the larger particles. This was
con rmed in the SMPS measurements; however, this diametearticularly signtant when the Plantower was exposed to 4.8
is well below the measurable particle size for both instrum PSL particles, and it did not measure any particles over
ments, so any particles measured would likely be atomiz2d m. This may explain why the Plantower poorly measured

Itered water. The SMPS and APS size distributions for Blattke talcum powder, which had over 30% of the particles in this
experiments (i.e., no PM sources introduced) and atomizesize bin. Optical particle sensors measure particle size and
Itered water can be found Bupplemental Figure. 2 number concentration by detecting light scattered from
Exposure to the 300n PSL particles resulted in a similar particles in real time. One common issue is particle
APS distribution as the blank and 0.081because this is coincidence or the under-counting of particles due to the
also below the detectable size limit, but .3 within the  simultaneous arrival of two or more particles in the sensing

detectable size range for the sensors. The sensors exhibitede’*** It seems unlikely that this is the cause of the
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Figure 5.(A) Averaged (1 h) PM; mass concentrations measured by three sensors (red, aqua, and blue) and the MDE reference monitor
(black) at the Oldtown site in downtown Baltimore, MD from November 7 through December 7, 2017. (B) The 1 h averagssl PM
concentrations (micrograms per cubic meter) measured by sensor 1 plotted as the deviation from the MDE reference monitor as a function
relative humidity (RH). Darker colors indicate higher RH. (C) The 1 h averagad&¥e concentrations plotted as a function of the deviation
(micrograms per cubic meter) from the average mass concentration of the three sensors (red, aqua, and blue).

Figure 6.Averaged (1 h) PM mass concentrations measured by one of the sensors (SeRsgurg Fivs the PM s mass concentrations

measured by a MDE reference monitor at the Oldtown site in downtown Baltimore, MD from November 7 through December 7, 2017 for (A)
the uncorrected and (B) the RH and temperature-corrected data. The reference data pointsghafoarel Shown in dark blue, and the
corresponding lineats are shown in light blue. The linearof the full data set are shown in pink. The equations of the thnize are

shown in corresponding colors.

misclasscations because the concentrations used in thesweraged PM mass concentrations and MDE reference
experiments were within the manufactustated eective measurements are showrrigure . The deviation of the
range. It has also been noted that particle counters can sk, s mass concentrations measured by sensor 1 from the
toward larger sizes if multiple particles are detected as tteference measurements as a function of RH is shown in
largest particle present; however, this is unlikely to cause thigure B, and the deviations of the individual units from the
Plantower to over-detect the concentration of particles seveaakerage of the three units can be seefigime €. A
m largef? It possible that the Plantower is simply unable tocomparable gure for PN and PM, can be found in
handle monodispersed PM sources; therefore, this sensor aypplemental Figure Bhe overall accuracy was low at 37%
be not eective for environments or experiments with a(Table 3, but the accuracy of the sensors were strongly
narrow distribution of PM. dependent on the environmental conditions. At low RH (e.g.,
Ambient Baltimore, Maryland Experiments. The three < 40%) the accuracy of the sensors was high (>85%), but the
sensors were co-located with reference instruments imeasurements were biased toward under-estimating the mass
downtown Baltimore near a major intersection. The 1 Itoncentrations. At higher RH (>50%) the sensors were
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Figure 7.Averaged (1 min) PM mass concentrations measured by one of the sensors vgsth@gdvtoncentrations measured by a pDR
(gravimetrically corrected) (A) underatient humidity levels and (B) when one sensor was placed on a shaker table. In the RH experiments, the
sensors were stationed in low-, moderate-, and high-RH environments before being challenged with incense in the chamber to determine w
factor lead to the observed bias in the ambient measurements. In the shaker table experiment shown, the sensors were evaluated for biases c
movement because they may be used in personal monitoring applications.

signi cantly less accurate (<40%), and the sensors ovePM,smass less than 10, 20, 30, 40, and 50 (i.e., the full data
estimated the mass concentrations. There was aasigni set) g/m® was 66, 38, 36, 36, and 37%; however, this trend
decrease in accuracy around 50% RH; the accuracy was s likely inuenced by RH. The RH of the mass
averaged over the periods with3@% RH and only 37% for concentration groupseve 50, 57, 59, 59, and 60%,
the periods with 560% RH Supplemental Tablg. The respectively. The average temperatures were comparable,
accuracy continued to decrease with increasing RH and wagween 7.45 and 8.86. After the RH and temperature
only 9% at 8090% RH and 55% for >90% RH. The were accounted for, the accuracy of M0 g/m® was
accuracy is negative because the sensors produced valuesstitabbout 5% higher than for measurements ¢f N30
were over double the reference vabael(. Despite these g/m. There appears to be transitions of slopes between 10
low accuracies, thé Borrelations at 8®0% RH between and 20 g/m?® (Figure §, with the <15 g/m® measurements
the sensor units (0.99) and with the reference instrumenexhibiting a greater slope than the larger mass concentrations
(0.92) were high, and the sensors were able to capture t{@4 versus 1.6, respectively). Even if all data points with an
signicant concentration variations. These high correlationrRH > 50% were removed, the slope of the gis® data
were consistent over the measured RH (up to 90%) angould still be greater than the >I#m? data (1.7 and 1.4,
temperature ranges. The sensors did not exhibit a strongspectively).
dependence on temperatureuigplemental Table).2An The sensors exhibited good precision throughout the
analysis of the times when the RH was below 50% reveals thasurement period (12%). All three sensors peaked at
the uncorrected accuracy was high for the measurementsapproximately the same times and exhibited sinntima-
temperatures between 0 and® (94%) and 1015 °C tions. Below 35 g/m? the individual units exhibited no
(87%). Further details on the accuracy, precisionRand signicant distinctions and were all generally wthing/m?
coe cients divided into RH and temperature ranges can bef the average of the three uniig(re &). Above 35 g/
found inSupplemental Tables 1 and 2 me, units 1 and 3 tended to be clustered, and unit 2 tended to
Because the RH dependence was generally stable and pheduce slightly higher mass concentrations than the other
precision between units was high, the sensor data could . The precision was insigaintly aected by RH and
corrected using a simple linear correction factor during potmperature changeSupplemental Figure 4 and Supple-
processing. For example, the resultant overall accuracy for thisntal Tables 1 and).2The PM and PM, mass
measurement period would be 93% if the RH and temperatutencentrations also exhibited low precision errors (9% and
biases were corrected using6egsd 7: 15%, respectively) and high T correlations (0.98 and
0.97, respectively). There was not a signi trend in the

PMgru corrected™ Raw_ sensor precision of the sensors based on mass concentrations.
- (0.025x RH%- 0.17) (6) In addition to the month-long deployment, the sensors
were placed at the downtown Baltimore site between January
PM _ PMgh_corrected 4 8, 2018 during a prolong period of subzero temperatures to
T_RH_Corrected™ (80 0007x T+ 0.9918) @ evaluate how the sensors functioned at these low temperatures

(Supplemental Figure 5 and Supplemental Tahugang

A scatterplot of the ambient reference data and the PM this period, the region received between 1 and 3 in. of snow,
mass concentrations measured by Sensor 1 prior to and aftee temperature ranged betwedd and 4 °C, and the
the two correction equations were applied is showiguire hourly averaged winds were above 5 m/s (11 mph). Over the
6. The average sensor mass concentrations prior to and a#tedays, the sensors exhibited an accuracy of 76%, a 1 min
correcting for RH and temperature were 2€.1277 and precision error of 20% (CV = 18%), and sensor and reference
12.35+ 9.91 g/m® (averagex standard deviation), R correlations of 0.94 and 0.70, respectively. The sensors
respectively, compared with 12:29.22 for the reference exhibited a consistent deviation at abdut g/m*® between
instrument. The sensors produced the most accurate raw datk4 and 7 °C. The greater precision error was likely due to
when reference mass concentrations were less tgm®0  the sustained strong winds. The RH was mostly below 50%,
which was about 83% of the time. The sensor accuracy fwhich contributed to the higher uncorrected accuracy. This
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suggest that the sensor is able to produce meaningful (ewelding fumes, and the biases ranged bet@éeand 18%
correctable) data over a broad range of temperatures. (none were acceptable). The AirBeam also exhibited accept-

Additional Laboratory Experiments. To further eval- able CVs for all three, but the biases ranged bet&&emd
uate the bias that was observed due to high RH, the sensor$3%. Both the Foobot and the AirBeam sensors exhibited
were placed in the chamber with a sustained RH greater thgaod temporal correlations with the reference instrument.
75% for several days and then exposed to incense. TBempared with three other available sensors on the market,
burning of incense produces primarily hydrophobic pérticlesthe Plantower sensor appears to yield comparable or higher-
so by observing incense PM, we can determine if the observpaility data. Based on our assessment, the PMS A003 sensor
overestimation was due to the optical particle sensads able to produce acceptable data only for the residential air,
overestimating mass concentrations because of the enhangeeking, and corrected outdoor air. Nonetheless, the sensor
light scattering or if the sensor has a cross-sensitivity to walt@s the potential to be useful for many applications, including
vapor. The sensors produced comparable accuracies sedsonal monitoring and high-granularity monitoring net-
precision errors between the <25%,78%, and >75% RH works, because these are the types of sources frequently
experimentsFigure A), suggesting that the observed over-assessed in these environments.
estimation was due to the madition of the hydrophilic
particles in the ambient atmosphere. ASSOCIATED CONTENT

When the sensors were evaluated for biases due * Supporting Information
movement, both the stationary and the moving unitShe Supporting Information is available free of charge on the
produced highly accurate measurements (98% for theCS Publications websieDOI: 10.1021/acs.est.8b05174
?hxp?rlment_ shown I?(gur_?hB). The plreC|S|on errorhbetvr\:een Tables showing summaries of accuracycieé of

€ two units was 7%. These results suggest that the Sensor a4 (CV), precision, and R2 coents; gures
may be able to produce reliable data in monitoring packages showing averaged mass concentrations and deviations,

designed to measure individual exposures to PM. and reference data and the RH and temperature-

Sensor Drift. The experiments were completed within corrected sensor data plotted against each other as a
about a 6 month period, which is well within the suggested function of time D)

lifetime of 3 years. To determine if the sensor response drifted
throughout the ambient measurement period, the reference
data and the RH and temperature corregted sensor data were AU THOR INFORMATION

plotted against each other and compared as a function of tint&rresponding Authors

The same RH and temperature corrections were appli€dE-mail:drew.gentner@yale.edu

throughout the full measurement period. No discernible driftE-mail:kkoehlel@jhu.edphone: 410-955-7706; fax: 410-
was apparent. The lines of the data at the beginning and 955-0617.

end of the Fall period were comparable (sensor = 0.9 ORCID

reference + 2.3 and sensor = D1XO&eference 1.2, Misti Levy Zamorao00-0002-4832-7753
respectively), and the correlations were consistently highgtew Gentnenooo-0003-3066-2614
thanR > 0.75 Supplemental Figurg. 6 Kirsten Koehleopoo-0002-0516-6945

Evaluations Utilizing the EPA Quality-Assurance ;
Criteria. The established criteria for acceptable measurema'ﬁﬁ es thors decl inancial i
quality for monitors used in evaluations of the National "€ authors declare no competingncial interest.
Ambient Air Quality Standards (NAAQS) isndel as 10%
or less CV and within10% for total bias.It is important to ) ACKNOWLEDGMENTS _
note that these criteria were established to assess longer-tdfi$ publication was developed under Assistance Agreement
ambient measurements, so they are not directly applicablen@ RD835871 awarded by the U.S. Environmental Protection
controlled laboratory conditions. The sensors exhibited a cgency to Yale University. It has not been formally reviewed
of 10% or less in the incense, residential air, cooking, aR¥ the Environmental Protection Agency (EPA). The views
uncorrected and RH-corrected ambient Baltimore expe,qaxpressed in this document are solely those of the authors and
ments. The NaCl and oleic acid experiments just above 1% not necessarily ext those of the Agency. The EPA does
with CVs of 12 and 16%, respectively, and the CV from theot endorse any products or commercial services mentioned
talcum powder experiments was much higher at 30%. Of tHe this publication. The authors thank the Maryland

ve sources that exhibited a CV less than 10%, only resideni&Partment of the Environment Air and Radiation Manage-
air, cooking, and corrected outdoor air produced mad¥ent Administration for allowing us to collocate our sensors
concentrations within 10% of the reference instrumenWith their instruments at the downtown Baltimore site.

Some of the incense experiments were within 10% accuracy,

but the average over all of the experiments was just outside of REFERENCES

the acceptable range at 13%. None of the NaCl, oleic acidl) Zhang, R.; Wang, G.; Guo, S.; Zamora, M. L.; Ying, Q.; Lin, Y.;
talcum powder, or uncorrected ambient measurements Wé’f@trt‘gvcwh-i HUFv{ ’\s/lzal\évﬂ%(fd) Fgg%";%%%;f urban fine particulate
within 10%. A previous study assessed the acceptability T el-~NemM. Rex : : R _
three other low-cost monitors available on the market (i.eNZ) ﬁhai‘g'v%rsjr':gsn%' ‘lgi-Lélﬁnan\a(lga&i?;sthghcﬁﬁgugt:&?s’plhe'\ﬂé
Foobot, Speck, and Alr_Beam)rﬁV%hen exposed to Na_CI_, A”ZOB anic aerosols via factor analysis of aerosol mass spectrometry: a
road dust, and welding fumesThe Foobot exhibited |eyiewAnal. Bioanal. Che2011 401, 3045 3067.

acceptable CVs for all the PM sources, but the biases rangeg} Levy, M. E.; Zhang, R.; Khalizov, A. F.; Zheng, J.; Collins, D.
between 82 and 12%, making none of the measurementsR.; Glen, C. R.; Wang, Y.; Yu, X. Y.; Luke, W.; Jayne, J. T.; et al.
acceptable. The Speck exhibited acceptable CVs for omgasurements of submicron aerosols in Houston, Texas during the

847 DOI:10.1021/acs.est.8b05174
Environ. Sci. Technd019, 53, 838849


http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05174/suppl_file/es8b05174_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.8b05174
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05174/suppl_file/es8b05174_si_001.pdf
mailto:drew.gentner@yale.edu
mailto:kkoehle1@jhu.edu
http://orcid.org/0000-0002-4832-7753
http://orcid.org/0000-0003-3066-2614
http://orcid.org/0000-0002-0516-6945
http://dx.doi.org/10.1021/acs.est.8b05174

Environmental Science & Technology

2009 SHARP field campaigiournal of Geophysical Research:(18) lkram, J.; Tahir, A.; Kazmi, H.; Khan, Z.; Javed, R.; Masood,

Atmospher2913 118(18), 10518 10534. U. View: implementing low cost air quality monitoring solution for
(4) Jimenez, J. L.; Canagaratna, M. R.; Donahue, N. M.; Prevot, érban area$Sensor2012 4, 10.

S. H,; Zhang, Q.; Kroll, J. H.; DeCarlo, P. F.; Allan, J. D.; Coe, H.{19) Sousan, S.; Koehler, K.; Thomas, G.; Park, J. H.; Hillman, M.;
Ng, N. L.; Aiken, A. C.; Docherty, K. S.; Ulbrich, I. M.; Grieshop, AHalterman, A.; Peters, T. M. Inter-comparison of low-cost sensors for

P.; Robinson, A. L.; Duplissy, J.; Smith, J. D.; Wilson, K. R.; Lanz, ideasuring the mass concentration of occupational adewssl|
a.; Hueglin, C.; Sun, Y. L, Tian, J.; Laaksonen, A.; Raatikainen, &¢i. Techn@016 50 (5), 462 473.

Rautiainen, J.; Vaattovaara, P.; Ehn, M.; Kulmala, M.; Tomlinson, (}20) Clements, A. L.: Griswold, W. G.; Rs, A.; Johnston, J. E.;
M.; Collins, D. R.; Cubison, M. J.; Dunlea, E. J.; Huffman, J. Aderting, M. M.; Thorson, J.; Collier-Oxandale, A.; Hannigan, M.
Onasch, T. B.; Alfarra, M. R.; Williams, P. I.; Bower, K.; Kondo, Yiow-cost air quality monitoring tools: from research to practice (a
Schneider, J.; Drewnick, F.; Borrmann, S.; Weimer, S.; Deme_”'a”’\ﬁdrkshop summangensorg017, 17 (11), 2478.

Salcedo, D.; Cottrell, L. Griffin, R.; Takami, A.; Miyoshi, T.. (51) gart, M.; Williams, D. E.; Ainslie, B.; McKendry, 1.; Salmond,
Hatakeyama, S.; Shimono, A.; Sun, J. ¥.; Zhang, Y. M.; Dzepina, K. Grange, S, K.; Alavi-Shoshtari, M.; Steyn, D.; Henshaw, G. S. High
Kimmel, J. R.; Sueper, D.; Jayne, J. T.; Herndon, S. C.; Trimborn, ity “0zone Monitoring Using Gas Sensitive Semi-Conductor

M.; Williams, L. R]; Wood, E. C.; Middlebr_ook, A M. KOIb’ C. E"Sensors in the Lower Fraser Valley, British Colugmyiaon. Sci.
Baltensperger, U.; Worsnop, D. R. Evolution of organic aerosols11@(:hr]0|2014 48, 3970 3977

tlhsezgatmospherémence (Washington, DC, LB0B] 326 1525 (22) Snyder, E. G.; Watkins, T. H.; Solomon, P. A.; Thoma, E. D.;
. . . . . jlliams, R. W.; Hagler, G. S.; Shelow, D.; Hindin, D. A.; Kilaru, V.
(5) Steinle, S.; Reis, S.; Sabel, C. E. Quantifying human eXposurV\.(;gPreuss, P. Whe changing paradigm of air pollution monitoring

air pollutiormoving from static monitoring to spatio-temporally A .
resolved personal exposure assesSuiefftotal Envira2013 443 ACS Publications: Washington, DC, 2013.

184 93 (23) Hagler, G. S.; Williams, R.; Papapostolou, V.; Polidari, A.

(6) Dehnekamp M.: Mehenni. O.: Cherrie. J.- Seaton. A. Exposu%”a"ty Sensors and Data Adjustment Algorithms: When Is It No Longer
to ultrafine particles and PM2. 5 in different micro-environment$t Méasuremen&CsS Publications: Washington, DC, 2018.

Ann. Occup. Hy2002 46 (1), 412 414. (24) Castell, N.; Dauge, F. R.; Schneider, P.; Vogt, M.; Lerner, U.;
(7) WHO. Review of evidence on health aspects of air pollution Fishbain, B.; Broday, D.; Bartonova, A. Can commercial low-cost
REVIHAAP Project 2013http://www.euro.who.int/en/ sensor platforms contribute to air quality monitoring and exposure
healthtopics/environment-and-health/air-quality/publications/2013/estimatesEnviron. In2017 99, 293 302. ) _
review-of-evidenceon-health-aspects-of-air-pollution-revihaap-proje@5) Taylor, M. D. InLow-cost air quality monitors: Modeling and

nal-technical-repogaccessed June 2017). characterization of sensor drift in optical particle; clitEiEers

(8) Pope, C. A., lll; Dockery, D. W. Health effects of fine Piscataway, NJ, 2016; p@B1

particulate air pollution: lines that conndctAir Waste Manage. (26) Zimmerman, N.; Presto, A. A.; Kumar, S. P.; Gu, J.; Hauryliuk,
Asso006 56 (6), 709 742. A.; Robinson, E. S.; Robinson, A. L.; Subramanian, R. A machine

(9) Pope, C. I.; Dockery, D. 2006 critical review-health effects déarning calibration model using random forests to improve sensor
fine particulate air pollution: lines that condedtir Waste Manage. performance for lower-cost air quality monitokimgos. Meas. Tech.
Asso2006 56, 709 742. 2018 11 (1), 291.

(10) Pollution, H. E. I. P. 0. t. H. E. 0. T.-R.TAa c-related air (27) Cross, E. S.; Wiliams, L. R.; Lewis, D. K.; Magoon, G. R;
pollution: a critical review of the literature on emissions, exposur@nagdh, T. B.; Kaminsky, M. L.; Worsnop, D. R.; Jayne, J. T. Use of
health eectsHealth Eects Institute: Boston, MA, 2010. electrochemical sensors for measurement of air pollution: Correcting

(11) Mauderly, J. L.; Samet, J. M. Is there evidence for synergiterference response and validating measurefients. Meas.
among air pollutants in causing health effégtson. Health  Tech2017 10(9), 3575.

Perspec2009 117(1), 1. _ . N _ (28) Holstius, D. M.; Pillarisetti, A.; Smith, K.; Seto, E. Field

(12) HEI. InTra c-Related Air Pollution: A Critical Review of thgyjiprations of a low-cost aerosol sensor at a regulatory monitoring
Literature on Emissions, Exposure, and HealﬂHEI Panel on site in CaliforniaAtmos. Meas. Te20l14 7 (4)’ 1121 1131.
the Health Eects of Trac-Related Air Pollution: Boston, MA, (29) Kelly, K.: Whitaker, J.; Petty, A.: Widmer, C.: Dybwad, A.:
2010; p 17. Sleeth, D.; Martin, R.; Butterfield, A. Ambient and laboratory

(13) Dominici, F.; Pgng, R'.D'f Bé.‘”.‘ C.D; Bel[, M. L. |:)rc’tem'ngevaluation of a low-cost particulate matter sefrsaron. Pollut.
human health from air pollution: shifting from a single-pollutant to 3017 221, 491 500

multi-poliutant approacipidemiology (Cambridge, M28$( 21 (30) Bohren, C. F.; Huan, D. RAbsorption and scattering of light

(2), 187. . _ _
. : - . ) small particielohn Wiley & Sons: Hoboken, NJ, 2008.
(14) Clougherty, J. E., Kheirbek, 1.; Eisl, H. M.; Ross, Z.; PezeshP%l) MDOTSHA. Maryland Annual Average Daily Trattp:/

G.; Gorezynski, J. E.; Johnson, S.; Markowitz, S.; Kass, D.; Matte ta.imap.maryland.gov/datasets/maryland-annual-average-daily-
Intra-urban spatial variability in wintertime street-level (:oncentratioHé1 ’ P- y 9 . y . 9 y
ra c-annual-average-daily-tcasha-statewide-aadt-

of multiple combustion-related air pollutants: the New York City > . o p
Community Air Survey (NYCCAS). Exposure Sci. Environ. POINtS?geometry=-76.61%2C39.296%2C-76.596288C 2017,

EpidemioR013 23 232 40. (accessed Decem_ber 2018). _ _

(15) Mead, M. |.; Popoola, O. A. M.; Stewart, G. B.; Landshoff, p.{32) SCAQMD.Field Evaluation Purple Air PM Se28b6.

Calleja, M.; Hayes, M.; Baldovi, J. J.; McLeod, M. W.; Hodgson, 7(33) SCAQMD. Field EvaluationPurple Air (PA-Il) PM Sensor.
F.: Dicks, J.; Lewis, A.; Cohen, J.; Baron, R.; Saffell, J. R.; Jones, RU{R://www.agmd.gov/doddefault-source/aq-specéld-

The use of electrochemical sensors for monitoring urban air qualyaluations/purple-air-pa-iield-evaluation.pdf?sfvrsngaccessed

in low-cost, high-density networksnos. EnviroB013 70, 186 September 2017).

203. (34) World Air Quality Project. The Plantower PMS3003 Air
(16) Rajasegarar, S.; Havens, T. C.; Karunasekera, S.; Leckie,@ality Sensor experimenttp://agicn.org/sensor/pms3003Ac-
Bezdek, J. C.; Jamriska, M.; Gunatilaka, A.; Skvortsov, &essed Oct 6, 2016).

Palaniswami, M. High-Resolution Monitoring of Atmospheric (35) World Air Quality Project. The Plantower PMS5003 and
Pollutants Using a System of Low-Cost Seitisees Transactions PMS7003 Air Quality Sensor experinieiyp.//agicn.org/sensor/

on Geoscience and Remote 2@idirkp, 3823 3832. pms5003-7003(accessed June 2017).
(17) Tan, B.Laboratory Evaluation of Low to Medium Cost Particl¢36) SCAQMD.Laboratory Evaluation PurpleAir PA-I PM Sensor
SensaréJniversity of Waterloo: Waterloo, Ontario, 2017. 2016.

848 DOI:10.1021/acs.est.8b05174

Environ. Sci. Technd019, 53, 838849


http://www.euro.who.int/en/healthtopics/environment-and-health/air-quality/publications/2013/review-of-evidenceon-health-aspects-of-air-pollution-revihaap-project-final-technical-report
http://www.euro.who.int/en/healthtopics/environment-and-health/air-quality/publications/2013/review-of-evidenceon-health-aspects-of-air-pollution-revihaap-project-final-technical-report
http://www.euro.who.int/en/healthtopics/environment-and-health/air-quality/publications/2013/review-of-evidenceon-health-aspects-of-air-pollution-revihaap-project-final-technical-report
http://www.euro.who.int/en/healthtopics/environment-and-health/air-quality/publications/2013/review-of-evidenceon-health-aspects-of-air-pollution-revihaap-project-final-technical-report
http://data.imap.maryland.gov/datasets/maryland-annual-average-daily-traffic-annual-average-daily-traffic-sha-statewide-aadt-points?geometry=-76.61%2C39.296%2C-76.596%2C39
http://data.imap.maryland.gov/datasets/maryland-annual-average-daily-traffic-annual-average-daily-traffic-sha-statewide-aadt-points?geometry=-76.61%2C39.296%2C-76.596%2C39
http://data.imap.maryland.gov/datasets/maryland-annual-average-daily-traffic-annual-average-daily-traffic-sha-statewide-aadt-points?geometry=-76.61%2C39.296%2C-76.596%2C39
http://data.imap.maryland.gov/datasets/maryland-annual-average-daily-traffic-annual-average-daily-traffic-sha-statewide-aadt-points?geometry=-76.61%2C39.296%2C-76.596%2C39
http://www.aqmd.gov/docs/default-source/aq-spec/field-evaluations/purple-air-pa-ii---field-evaluation.pdf?sfvrsn=2
http://www.aqmd.gov/docs/default-source/aq-spec/field-evaluations/purple-air-pa-ii---field-evaluation.pdf?sfvrsn=2
http://aqicn.org/sensor/pms3003/
http://aqicn.org/sensor/pms5003-7003/
http://aqicn.org/sensor/pms5003-7003/
http://dx.doi.org/10.1021/acs.est.8b05174

Environmental Science & Technology

(37) Ishizu, Y.; Okada, T. Determination of particle size distribution
of small aerosol particles of unknown refractive index by a light-
scattering method. Colloid Interface $6i78 66 (2), 234 239.

(38) Levy Zamora, M.; Pulczinski, J. C.; Johnson, N.; Garcia-
Hernandez, R.; Rule, A.; Carrillo, G.; Zietsman, J.; Sandragorsian, B.;
Vallamsundar, S.; Askariyeh, M. H.; et al. Maternal exposure to PM
2.5 in south Texas, a pilot stu@gi. Total Enviro2018 628
1497 1507.

(39) Lazaridis, M.; Eleftheriadis, Kdir#al, V.; Schwarz, J;
Wagner, Z.; Ondeak, J.; Drossinos, Y.; Glytsos, T.; Vratolis, S.;
Tarseth, K. Number concentrations and modal structure of indoor/
outdoor fine particles in four European cifiesosol Air Qual. Res.
2017 17, 131.

(40) Talbot, N.; Kubelova, L.; Makes, O.; Cusack, M.; Ondracek, J.;
Vodika, P.; Schwarz, J.; Zdimal, V. Outdoor and indoor aerosol size,
number, mass and compositional dynamics at an urban background
site during warm seaséwmos. EnviroR016 131, 171 184.

(41) Sousan, S.; Koehler, K.; Hallett, L.; Peters, T. M. Evaluation of
the Alphasense optical particle counter (OPC-N2) and the Grimm
portable aerosol spectrometer (PAS-1.188)osol Sci. Technol.
2016 50 (12), 1352 1365.

(42) Lieberman, A. Optical particle counter errors and problem
areas. Ilontamination Control and Cleanr@&priager: New York,
1992; pp 350368.

(43) Vu, T. V.; Ondracek, J.; Zdimal, V.; Schwarz, J.; Delgado-
Saborit, J. M.; Harrison, R. M. Physical properties and lung
deposition of particles emitted from five major indoor soéices.
Qual., Atmos. HeaB17 10 (1), 1 14.

(44) EPA.40 CFR Parts 58- Ambient Air Quality Surveillance
(SubChapter €CU.S. EPA: Washington, DC, 2016.

849

DOI:10.1021/acs.est.8b05174
Environ. Sci. Technd019, 53, 838849


http://dx.doi.org/10.1021/acs.est.8b05174

